Abstract: While differences in greenhouse gas (GHG) fluxes between ecosystems can be explained to a certain degree, variability of the same at the plot scale is still challenging. We investigated the spatial variability in soil-atmosphere fluxes of carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O) to find out what drives spatial variability on the plot scale. Measurements were carried out in a Scots pine (Pinus sylvestris L.) forest in a former floodplain on a 250 m 2 plot, divided in homogenous strata of vegetation and soil texture. Soil gas fluxes were measured consecutively at 60 points along transects to cover the spatial variability. One permanent chamber was measured repeatedly to monitor temporal changes to soil gas fluxes. The observed patterns at this control chamber were used to standardize the gas fluxes to disentangle temporal variability from the spatial variability of measured GHG fluxes. Concurrent measurements of soil gas diffusivity allowed deriving in situ methanotrophic activity from the CH 4 flux measurements. The soil emitted CO 2 and consumed CH 4 and N 2 O. Significantly different fluxes of CH 4 and CO 2 were found for the different soil-vegetation strata, but not for N 2 O. Soil CH 4 consumption increased with soil gas diffusivity within similar strata supporting the hypothesis that CH 4 consumption by soils is limited by the supply with atmospheric CH 4 . Methane consumption in the vegetation strata with dominant silty texture was higher at a given soil gas diffusivity than in the strata with sandy texture. The same pattern was observed for methanotrophic activity, indicating better habitats for methantrophs in silt. Methane consumption increased with soil respiration in all strata. Similarly, methanotrophic activity increased with soil respiration when the individual measurement locations were categorized into silt and sand based on the dominant soil texture, irrespective of the vegetation stratum. Thus, we suggest the rhizosphere and decomposing organic litter might represent or facilitate a preferred habitat for methanotrophic microbes, since rhizosphere and decomposing organic are the source of most of the soil respiration.
Introduction
Carbon dioxide (CO 2 ), methane (CH 4 ) and nitrous oxide (N 2 O) are the most important anthropogenic greenhouse gases (GHG) and co-responsible for global climate change [1] . Soil CO 2 emissions result from heterotrophic and autotrophic respiration by microbes, fauna and roots in soil, and amounts up to 80% of the carbon (C) assimilated by plant photosynthesis [2] . Soil-atmosphere fluxes and atmospheric concentrations of N 2 O and CH 4 are much smaller than those of CO 2 . Yet, due to the higher radiative forcing of N 2 O and CH 4 molecules in the atmosphere compared to CO 2 , their contribution to the global warming is substantial [3] . Soil-atmosphere GHG fluxes vary temporally The objective of our study was to identify drivers of spatial variability of methane consumption on the plot scale in a well-aerated upland forest. We stratified the plot according to vegetation and soil texture, and hypothesized that soil-gas fluxes of these strata were significantly different. To analyse the spatial variability of GHG fluxes in general, and especially the links between methane consumption and the fluxes of CO 2 and N 2 O on the plot scale, we developed a standardization procedure that allows for disentangling temporal and spatial variability of GHG fluxes.
Material and Methods

Experimental Site and Soil Characteristics
Measurements were carried out in a planted 50 year old Scots pine stand (Pinus sylvestris L.) next to the Hartheim forest meteorological experimental site. The site is located in the Upper Rhine Valley (South-West Germany) about one kilometer east of the Rhine River (47 • 56 N, 7 • 36 E, 201 m above sea level). The mean annual temperature is 10.3 • C and the mean annual precipitation is 642 mm (Holst et al., 2008) . The site was regularly flooded until the mid of the 19th century when the River Rhine was corrected. The topography of the site is flat with minor linear depressions (less than 1 m deep) resulting from former courses of creeks in the floodplain. The soil is a Haplic Regosol (calcaric, humic) [29] . Due to the history of alluvial deposition of substrates, the soil texture changes abruptly vertically within the soil profile and horizontally within short distances. There is a Ah horizon of fine sand-silt-or loamy silt of 5-50 cm depth on top of different fractions of sand and gravel at the most locations. While the pine stand was planted in regular rows, the groundcover and understory allows separating the plot in several homogenous vegetation strata, further called Units I-VI.
Experimental Design
The measurement plot was positioned across a historical creek bed that formed a minor depression (depth < 1 m) in the former floodplain (Figure 1a ,b). The plot was homogenously covered by the planted pine trees and covered different types of soil texture, ground cover and understory vegetation (Figure 1d -f). Measurements were conducted along three 32 m long parallel transects 8 m apart that crossed the depression. Measurement points were regularly distributed on transects as pairs 0.5 m apart and 3 m between the pairs; each transect included 20 measurement points in total.
Measurements and sampling were carried out from 8 to 14 December 2015 in stable weather conditions. At all points we conducted measurement of soil gas fluxes and took soil core samples for soil-physical analysis. We sampled the soil profile down to 1 m depth at all points using a soil probe and assessed the soil texture in the field with the finger test [30] . At all sampling points there was a subsurface gravel layer that at some points reached the surface. The typical sound of the soil probe going through gravel allowed the layer to be identified, yet samples of this layer were mostly lost. The objective of our study was to identify drivers of spatial variability of methane consumption on the plot scale in a well-aerated upland forest. We stratified the plot according to vegetation and soil texture, and hypothesized that soil-gas fluxes of these strata were significantly different. To analyse the spatial variability of GHG fluxes in general, and especially the links between methane consumption and the fluxes of CO2 and N2O on the plot scale, we developed a standardization procedure that allows for disentangling temporal and spatial variability of GHG fluxes.
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Measurements were carried out in a planted 50 year old Scots pine stand (Pinus sylvestris L.) next to the Hartheim forest meteorological experimental site. The site is located in the Upper Rhine Valley (South-West Germany) about one kilometer east of the Rhine River (47°56′ N, 7°36′ E, 201 m above sea level). The mean annual temperature is 10.3 °C and the mean annual precipitation is 642 mm (Holst et al., 2008) . The site was regularly flooded until the mid of the 19th century when the River Rhine was corrected. The topography of the site is flat with minor linear depressions (less than 1 m deep) resulting from former courses of creeks in the floodplain. The soil is a Haplic Regosol (calcaric, humic) [29] . Due to the history of alluvial deposition of substrates, the soil texture changes abruptly vertically within the soil profile and horizontally within short distances. There is a Ah horizon of fine sand-silt-or loamy silt of 5-50 cm depth on top of different fractions of sand and gravel at the most locations. While the pine stand was planted in regular rows, the groundcover and understory allows separating the plot in several homogenous vegetation strata, further called Units I-VI.
Experimental Design
The measurement plot was positioned across a historical creek bed that formed a minor depression (depth < 1 m) in the former floodplain (Figure 1a,b) . The plot was homogenously covered by the planted pine trees and covered different types of soil texture, ground cover and understory vegetation (Figure 1d-f ). Measurements were conducted along three 32 m long parallel transects 8 m apart that crossed the depression. Measurement points were regularly distributed on transects as pairs 0.5 m apart and 3 m between the pairs; each transect included 20 measurement points in total.
Measurements and sampling were carried out from 8 to 14 December 2015 in stable weather conditions. At all points we conducted measurement of soil gas fluxes and took soil core samples for soil-physical analysis. We sampled the soil profile down to 1 m depth at all points using a soil probe and assessed the soil texture in the field with the finger test [30] . At all sampling points there was a subsurface gravel layer that at some points reached the surface. The typical sound of the soil probe going through gravel allowed the layer to be identified, yet samples of this layer were mostly lost. The dominating vegetation was used to stratify the plot into six sub-units ( Table 1) that showed mostly similar texture in their soil profiles (Table 1, Figure 1c -f). 
Measurements of Soil Gas Fluxes
Soil-atmosphere gas fluxes were measured using non-steady-state flow-through chambers. The chambers consisted of a PVC collar and a mobile lid with a vent [31] . The collars (diameter 0.17 m, height 0.25 m) were installed the day before the measurement and inserted approximately 3 cm into the soil. The air in the chamber was circulated via tubes to a Greenhouse Gas Analyzer (GGA; version Ultraportable, Los Gatos Research, CA, USA) for CH4 and CO2 measurements and to a Gas Monitor 1416 (Lumasense, Ballerup, Denmark) for N2O and CF4 (see Section 2.4) analysis. Measurement frequency was 0.5 Hz for the GGA, and every 60 s for the Gas Monitor. Water vapour was measured by both devices and stabilized using a dew point controller set to 4 °C. This greatly improved accuracy and precision of the N2O measurements, as confirmed by tests with a laboratory GC.
Chambers were closed for 15-20 min for the flux measurement. Fluxes of CH4 and CO2 were calculated linearly based on the concentration changes over time of the first five and three minutes, respectively (R 2 > 0.95). For N2O flux estimation a linear approach over the whole time span of 15-20 The dominating vegetation was used to stratify the plot into six sub-units ( 
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Measurements of Soil-Gas Diffusion Coefficients
In addition to our measurements of CO 2 , CH 4 and N 2 O fluxes, we used CF 4 as a tracer gas to measure soil gas diffusivity in situ using a modified McIntyre and Philip approach [31] . A total of 1 mL of diluted CF 4 was injected into the chamber after closure so that the initial CF 4 concentration reached 15-20 µmol mol −1 . The decreasing CF 4 concentration was measured over time by the Gas Monitor. The functional relationship between soil gas diffusivity and air-filled pore-space allowed the soil gas diffusivity of the topsoil to be derived. We used a transfer function from Maier et al. [33] that was based on top soil samples from the same site. An error function was fit to the decreasing CF 4 concentrations to calculate the soil gas diffusion coefficient for CF 4 (D S CF4 ) (PROC NLIN, SAS 9.4, SAS Institute Inc., Cary, NC, USA) [31] . D S CF4 was divided by the diffusion coefficient of CF 4 in air (D 0 CF4 ) at the given temperature [34] to obtain the relative soil gas diffusion coefficient
insitu , which is independent of the gas species and a useful parameter to assess soil aeration. Gas transport in soil is dominated by molecular diffusion. Yet, wind and wind-induced pressure fluctuations can affect soil gas transport as well [33, 35, 36] . To avoid wind-induced artefacts it is therefore important to measure soil gas diffusivity in situ under calm conditions. It is also important to ensure proper mixing of air in measurement chambers for both in situ and lab measurements, and to restrict the movement of air in the chambers to ta minimum.
After completing chamber measurements, two 200 cm 3 core samples (5 cm height) were taken at each measurement point that was covered by the chamber; and the cores included the humus layer and topsoil. In the lab, the field-fresh soil cores were analysed for soil-physical parameters. Air-filled pore-space was determined by vacuum pycnometry. Soil gas diffusivity (D S D 0 −1 lab ) was measured using a nonstationary one-chamber method [37] with neon as a tracer gas at starting concentrations of 100-800 µmol mol −1 , and were measured using a micro-gas chromatograph (CP2002P, Chrompack, Middelburg, The Netherlands, with a CP-Molsieve-5A column and He as carrier gas). The soil cores were placed on top of a chamber with gas exchange restricted to diffusion through the sample. After injecting neon into the chamber, the decreasing neon concentration over time allowed to determine the soil gas diffusivity. Air permeability was measured with an apparatus as described by Iversen et al. [38] by relating air flow through the sample to the pressure gradient across the sample. The volumetric soil moisture content was determined by thermogravimetry.
Methanotrophic Activity
Assuming negligible soil CH 4 production, fluxes of atmospheric CH 4 into the soil are limited by physical transport and methanotrophic activity. Historically, methanotrophic activity has been measured in the lab through incubation experiment with sieved soil [20, 39] , i.e., in disturbed systems. Methanotrophic activity under natural conditions can be estimated using gas push-pull tests [40] or a combination of chamber measurements of CH 4 consumption and diffusivity in the field [21] . We used the approach of von Fischer et al. [21] to calculate methanotrophic activity µ (s −1 ).
where lab of the two soil cores. These two approaches were used since laboratory and in situ determination of soil gas diffusivity can yield different values and it is unclear which results are more realistic. D 0 of CH 4 in free air for both approaches was corrected for barometric pressure and air temperature [41] .
Standardization of GHG Fluxes
Since soil gas fluxes can show clear diurnal pattern at this site [13] we included a control chamber that was measured at the beginning , midday and late afternoon each day throughout the campaign. The observed diurnal flux pattern of the control chamber was used to calculate correction factors and standardize the measured fluxes to the time of the start of the campaign. Standardized fluxes (CO 2 : F stand. ) by the respective correction factor (CF CO 2 ):
The CO 2 flux of the control chamber showed a stronger dependency on air temperature than on soil temperature. We thus used air temperature to calculate CF CO 2 for all CO 2 flux measurement similar to the routine described by Darenova et al. [14] :
where T air is the air temperature ( • C), a is the slope, and b the intercept of the linear regression between CO 2 flux and air temperature at the control chamber. The correlation between the CH 4 fluxes of the control chamber and soil temperature was weak, but a clear diurnal pattern was still observed. Correction factors for CH 4 fluxes were thus calculated based on the observed diurnal cycle and correction factors were interpolated. For N 2 O some flux measurements of the control chamber showed no linear trend and had to be set to zero or discarded due to measurement quality issues. Since no clear pattern was observed for the control N 2 O flux, standardization was omitted.
Statistical Analysis
For the statistical analysis we followed three approaches. (1) To test whether stratification of the plot based on vegetation patterns could be used to optimize the sampling design, we focused on flux differences between Unit I-VI. (2) To focus on the soil-vegetation effect, we merged Unit I-VI into the category Shoulder (Unit I + VI), Bottom (Unit III + IV), and Transition (Unit II + V) according to their similarities in soil texture, vegetation and topography. (3) To focus on the texture effect separately, all locations were classified individually according to the dominant texture into Sand or Silt. Locations with high gravel content or coarse woody debris were separately classified as Disturbed.
To test differences in mean GHG fluxes between the vegetation strata (Unit I-VI) we used a t-test for normally distributed data and a Mann-Whitney-U test for non-normally distributed data. We used the coefficient of variation (CV) as a measure of variability and uncertainty of the mean estimated soil-atmosphere gas fluxes. To evaluate the un-stratified and the stratified approaches in a simple way we calculated the CV for both approaches [14] . For the stratified approach the weighted mean of the CV of the strata was taken into account according to the sample size of each stratum. Correlations between variables was evaluated using Pearson's correlation coefficient r for normally distributed data and Spearman's rank correlation coefficient r s for non-normally distributed variables using PROC CORR (SAS 9.2, SAS Institute Inc., Cary, NC, USA). Significance was set to p < 0.05 for all procedures.
To identify the effect of both continuous (e.g., D S D 0 [42] . Random Forest is a tree based ensemble learning method that is now widely used in ecology and also in soil sciences to analyse complex dataset and to derive pedo-transfer functions [43, 44] . We used the R package randomForest to build the model [45] . Prior to model building, all continuous variables were standardised and the strength of collinearity between the predictors was assessed. From predictor pairs with a Pearson's correlation coefficient > 0.5, the predictor variable contributing less to the final model was excluded [46] . To avoid oversaturation of the model, the number of trees to grow in the forest was set to 2000, the number of randomly selected predictor variables at each node was set to 3, and the minimal number of observations at the terminal nodes of the trees were set to 5 [43, 44] . Five-fold cross-validation was performed to assess the prediction quality of the model. The coefficient of determination (R 2 ) and the root mean squared error (RMSE) were calculated accordingly.
Based on the Random Forest we built Generalized Mixed Models, with vegetation category or texture class as nominal categories (PROC GLM, SAS 9.2, SAS Institute Inc., Cary, NC, USA). Vegetation unit and texture class were positively correlated and consequently one or the other was used to build a model. The final model was built up by stepwise reducing AIC (Akaike information criterion) that was chosen to account for small sampling size.
Results and Discussion
Standardization of Temporal Variability of Greenhouse-Gas Fluxes
The soil at the Hartheim site was a source of CO 2 and sink for CH 4 and N 2 O at all measurement times and points despite top soil moisture conditions being near saturation due to several rain events before the campaign. During the campaign there was fog and dew, meaning soil moisture was stable at 12% vol. at 0.3 m depth (permanently installed monitoring probe) and 25% in the topsoil (mean of 120 soil core samples). Mean soil temperature at 1 cm depth was 6. Out of the total 62 N 2 O flux measurements, 6 measurements failed due to problems with the water vapour conditioning and 18 measurements were set to zero flux. Nitrous oxide flux was always negative, i.e., N 2 O was consumed by the soil, and N 2 O fluxes were much lower than CH 4 fluxes (Figure 2c,f) . Consequently, N 2 O flux measurements were not standardized due to an insufficient number of high-quality, non-zero flux measurements at the control chamber (Figure 2c) .
The observed CO 2 fluxes agree well with the fluxes known from monitoring campaigns at this site [13, 37] . The observed mean CH 4 flux of −2.39 nmol s −1 m −2 is at the higher end of uptake measurements according to Smith et al. [18] , which would be expected for the well aerated forest soil at Hartheim. The observed mean N 2 O flux of −0.05 nmol s −1 m −2 is within the range of values listed by Chapuis-Lardy et al. [11] , where N 2 O fluxes as negative as −3.1 nmol m −2 s were reported. Since soil temperature above 5 • C are considered to favour N 2 O consumption by soils, even higher N 2 O uptake can be expected at our site in warmer periods of the year [47, 48] . 
Spatial Variability of Soil Gas Fluxes
CH4 fluxes between Unit I-VI differed substantially (Table 2, Figure 3b ). Lower but significant differences were observed in CO2 fluxes (Figure 3a ). N2O fluxes of the different strata were not significantly different, which is probably due to the high number of zero-flux measurements in all strata (Figure 3c ). The highest CH4 consumption was observed in the two silt strata (Unit III & IV) and the southern shoulder of the depression (Unit I, sand/gravel; Figure 3b ). 
CH 4 fluxes between Unit I-VI differed substantially (Table 2, Figure 3b ). Lower but significant differences were observed in CO 2 fluxes (Figure 3a) . N 2 O fluxes of the different strata were not significantly different, which is probably due to the high number of zero-flux measurements in all strata (Figure 3c ). The highest CH 4 consumption was observed in the two silt strata (Unit III & IV) and the southern shoulder of the depression (Unit I, sand/gravel; Figure 3b ). Considering the entire un-stratified plot, spatial variability (evaluated as coefficient of variation CV) of the standardized CO 2 and CH 4 fluxes and non-standardized N 2 O flux was highest for N 2 O and similar for CO 2 and CH 4 ( Table 2 ) and agrees well with data from literature [14, 49] . Since the vegetation strata could explain some of the spatial variability of the soil gas fluxes at our site, our stratification approach reduced the CV for CH 4 substantially, from 38% to 24% (Table 2) ; however, it was less effective for CO 2 and had almost no effect for N 2 O. Considering the entire un-stratified plot, spatial variability (evaluated as coefficient of variation CV) of the standardized CO2 and CH4 fluxes and non-standardized N2O flux was highest for N2O and similar for CO2 and CH4 (Tab. 1) and agrees well with data from literature [14, 49] . Since the vegetation strata could explain some of the spatial variability of the soil gas fluxes at our site, our stratification approach reduced the CV for CH4 substantially, from 38% to 24% (Tab. 1); however, it was less effective for CO2 and had almost no effect for N2O Figure 3 . Boxplots of standardized soil-atmosphere gas fluxes of (a) CO2 and (b) CH4, (c) non-standardized N2O fluxes, (d) soil water content, (e) soil gas diffusivity measured in situ (DSD0 −1 in situ), and (f) soil gas diffusivity measured in the laboratory (DSD0 −1 lab) of the different subplot units. The mean value is indicated by the rhomb and the horizontal lines indicate the 25th 50th and 75th percentile. Signficant differences in the mean value are indicated by a different letter above.
The RandomForest model showed that the vegetation units contributed substantially to the explanation of the spatial variability of the CO2 flux and especially of the CH4 flux. Total porosity, air filled pore-space, relative soil gas diffusivity and air permeability were highly correlated with one another. Therefore, only relative soil gas diffusivity was used in the final model. Vegetation unit was also highly correlated with soil texture class, so that the latter was excluded from the final model. The RandomForest model showed that the vegetation units contributed substantially to the explanation of the spatial variability of the CO 2 flux and especially of the CH 4 flux. Total porosity, air filled pore-space, relative soil gas diffusivity and air permeability were highly correlated with one another. Therefore, only relative soil gas diffusivity was used in the final model. Vegetation unit was also highly correlated with soil texture class, so that the latter was excluded from the final model.
For the CH 4 flux, the ranking of Variable Importance in the RF model revealed vegetation unit, CO 2 Flux and soil water content to be the most relevant explanatory variables. Mean decrease of accuracy in prediction on the Out of bag samples (%IncMSE) when excluded from the model were 75%, 32%, and 13%. The decrease in Node impurity was 25, 11, and 5. The coefficient of determination was found to be 0.95 on the original dataset. R 2 was found to be 0.57-0.81 with 5-fold cross-validation. RMSE varied between 19% to 34% of the mean flux. Thus, the selected variables generally are useful to explain the CH 4 flux, but predictive accuracy is limited.
The RandomForest model showed that CO 2 flux could be best explained by CH 4 flux, relative soil gas diffusivity and vegetation unit. Relative importance was much lower and independent variables within the ranking were less unequivocal for the CO 2 flux with %IncMSE values of 26%, 20% and 19%. Decrease in Node impurity was 14, 13, and 10. Although the coefficient of determination of the original data was 0.91, cross-validation results showed much less predictive accuracy with 0.06-0.66 R 2 . RMSE was also poor with 53% to 95% of mean flux.
Stratification approaches have been successfully applied using topographical elements like ditches and fields [50] , hill-slope position [51] , and plant communities [52] . Few studies though could stratify or explain spatial variability of GHG fluxes on the plot scale. Shvaleva et al. [49] showed that tree cover had an effect on net N 2 O fluxes and that CH 4 fluxes were affected by soil organic carbon content. Darenova et al. [14] identified litter thickness and local soil moisture as important factors affecting CO 2 fluxes on the plots scale within a forest and grassland. We did not observe such effects, yet we identified the vegetation strata as important factor affecting CO 2 and CH 4 fluxes. Since soil texture and vegetation were strongly correlated at our site, it is not possible disentangling the two factors. Nevertheless, stratifying the plot by dominant understory vegetation helped to reduce the uncertainty in the estimated mean CO 2 and CH 4 flux stemming from spatial variability. Thus, sampling designs for monitoring GHG at this site could be optimized by stratifying the site into different vegetation units, and distributing equally sampling locations within each unit.
Studies comparing plots of different vegetation could show that tree species can affect CH 4 consumptions by soils [25, 26, 49, 53, 54] . Menyailo et al. [26] observed that tree species had an effect on methanotrophic activity in an afforestation, but that the composition of high affinity methantrophs was not altered. Borken & Beese [25] attributed the observed differences in CH 4 uptake between forest sites to the different litter quality and soil moisture. Similar as to our site, Borken & Beese [25] observed no effect of vegetation on N 2 O fluxes. Niklaus et al. [55] observed that CH 4 uptake and soil N 2 O emissions decreased with plant species richness in a grassland experiment. They attributed the decrease in CH 4 uptake to an increase in soil water content. In contrast, Unit I with moss cover had significantly higher CH 4 uptake than Unit VI with grass cover, while both have similar water content, soil texture and diffusivity (Figure 3d-f) . This could indicate a direct effect of the vegetation on CH 4 uptake, with either species of higher succession (grasses) inhibiting CH 4 uptake, or species of lower succession (mosses) enhancing CH 4 uptake, as known from peatlands [56, 57] . Understanding which dynamic is occurring merits further investigation.
Interaction of Soil Physical Parameters, Soil Gas Fluxes, and Soil-Vegetation Units
Air-filled pores-space, soil gas diffusivity and air permeability of the soil core samples correlated well with each other (Pearson's r > 0.7). Lab measurements of soil gas diffusivity (D S D 0 (Figure 3e,f) . This was also observed in previous studies [21, 31] and can be attributed to uncertainties in the methods and different reference volumes between laboratory and field chambers. Soil gas diffusivity in Unit I was significantly higher than in the other units according to both methods, and both vegetation units with silt (Units III & IV) had low diffusivity values and less variability.
For further analysis we used merged topographical categories Shoulder (Unit I + VI), Bottom (Unit III + IV), and Transition (Unit II + V). Soil texture and aggregation was substantially different between the topographical categories. We observed similar relationships between fluxes and soil-physical parameters (Figure 4) , albeit shifted between categories. Correlations were generally less pronounced for the Transition category, since different textures and conditions were merged. As N 2 O fluxes could not be standardized, no further analysis of the data was performed.
soil-physical parameters (Figure 4) , albeit shifted between categories. Correlations were generally less pronounced for the Transition category, since different textures and conditions were merged. As N2O fluxes could not be standardized, no further analysis of the data was performed. Standardized CO2 fluxes showed a strong correlation with DSD0 −1 insitu in sand-dominated Shoulder category and a weak correlation in the silt-dominated Bottom category (Figure 4a ). Soil CO2 fluxes result from soil respiration and these correlations can be interpreted as an indicator of activity of roots and other soil biota. Such activity supports and maintains soil structure and thereby soil gas diffusivity through increased aggregation and pore formation. As aggregates in sandy soil are more fragile and strongly dependent on roots, CO2 fluxes and soil gas diffusivity would be more dependent on one another in the sandy category compared to the silty category.
Standardized CH4 consumption increased with increasing DSD0 −1 insitu in all categories ( Figure  4b ). Although the CH4 consumption in the Shoulder category (Figure 3b , Unit I) was as high as in Bottom category (Figure 3b, Unit III & IV) , a stronger correlation between soil gas diffusivity and CH4 consumption could be observed in silty Bottom category. CH4 consumption was highest in the Bottom category at any given DSD0 −1 insitu compared to the other categories.
The increase in CH4 consumption with soil gas diffusivity is known from numerous studies [5, 18, 24, 58, 59] , and is often addressed as an effect of water-filled pore-space, or rather air-filled pore-space. High-affinity methanotrophic microbes are ubiquitous in aerated soil and specifically seem to live on the surface of aggregates and pores [54, 55] that facilitate access to CH4. The rate of CH4 consumption is consequently limited, amongst other factors, by the supply of atmospheric CH4. This supply is controlled by the rate of gas transport into the soil and generally dominated by the molecular diffusion [18] . In another study, Guckland et al. [59] found that the annual uptake rates of atmospheric CH4 in three forest stands was affected by the clay content. They attributed their results to either higher soil gas diffusivity, since the clay content affects the soil structure, or higher methanotrophic activity.
Interaction of CH4 Fluxes and Methanotrophic Activity with Soil Respiration
Standardized CH4 fluxes correlated well with standardized CO2 fluxes only when separated into the different topographical categories (Figure 5a ) and texture classes (not shown). Specifically, CH4 consumption increased with soil respiration in all three topographical categories. A generalized linear model using the topographical category (n = 3) as independent nominal category and the CO2 flux and the interaction of CO2 flux and topographical category as independent variable could explain 62% of the variability in CH4 flux (R 2 = 0.62). The model was improved by adding interactions between soil gas diffusivity (DSD0 −1 insitu) and topographical category (R 2 = 0.68). insitu in sand-dominated Shoulder category and a weak correlation in the silt-dominated Bottom category (Figure 4a ). Soil CO 2 fluxes result from soil respiration and these correlations can be interpreted as an indicator of activity of roots and other soil biota. Such activity supports and maintains soil structure and thereby soil gas diffusivity through increased aggregation and pore formation. As aggregates in sandy soil are more fragile and strongly dependent on roots, CO 2 fluxes and soil gas diffusivity would be more dependent on one another in the sandy category compared to the silty category.
Standardized CH The increase in CH 4 consumption with soil gas diffusivity is known from numerous studies [5, 18, 24, 58, 59] , and is often addressed as an effect of water-filled pore-space, or rather air-filled pore-space. High-affinity methanotrophic microbes are ubiquitous in aerated soil and specifically seem to live on the surface of aggregates and pores [54, 55] that facilitate access to CH 4 . The rate of CH 4 consumption is consequently limited, amongst other factors, by the supply of atmospheric CH 4 . This supply is controlled by the rate of gas transport into the soil and generally dominated by the molecular diffusion [18] . In another study, Guckland et al. [59] found that the annual uptake rates of atmospheric CH 4 in three forest stands was affected by the clay content. They attributed their results to either higher soil gas diffusivity, since the clay content affects the soil structure, or higher methanotrophic activity.
Interaction of CH 4 Fluxes and Methanotrophic Activity with Soil Respiration
Standardized CH 4 fluxes correlated well with standardized CO 2 fluxes only when separated into the different topographical categories (Figure 5a ) and texture classes (not shown). Specifically, CH 4 consumption increased with soil respiration in all three topographical categories. A generalized linear model using the topographical category (n = 3) as independent nominal category and the CO 2 flux and the interaction of CO 2 flux and topographical category as independent variable could explain 62% of the variability in CH 4 The correlation between CH4 consumption and CO2 flux was stronger than the correlation between CH4 consumption and soil gas diffusivity (Figures 4b and 5a) . Therefore, in addition to the increased diffusivity and thus aeration that favours both CH4 consumption and soil respiration (Figure 4a) , high-affinity methanotrophs may profit when occupying habitats in the vicinity of sources of soil CO2. Warner et al. [28] , who studied the spatial and temporal variability in soil gas fluxes on the plot scale, also found a positive correlation between CH4 consumption and CO2 fluxes (personal communication). Dubey et al., (2000) [60] likewise found larger populations of methanotrophs and higher CH4 oxidation activity in the rhizosphere than in bulk soil samples from dryland rice fields. Consequently, those findings in combination with our correlations suggest that sampling locations at our site with more roots (and thus relatively more rhizosphere) have both higher soil respiration and higher CH4 consumption despite differences in plant physiology and physico-chemical soil properties. Additionally the parallel CH4-CO2 flux relationships from different topographical categories with the different dominant soil textures (Figure 5a ) reflect a range of habitat qualities for methanotrophic microbes.
To further focus on the effect of soil texture and possible methanotroph habitats, the dataset was classified into the following soil texture classes: Sand, Silt, and Disturbed (a special class containing dead woody debris or gravel content > 50%). Methanotrophic activity μ (Equqtion (1)) [21] was positively correlated with soil CO2 flux in all classes (Figure 4d ) with the highest activity in Silt followed by Sand and lastly Disturbed locations. Additionally, μ increased the most with soil CO2 flux in Silt. This last result agrees with the positive correlation between CH4 consumption and soil respiration. It also further supports the idea that high-affinity methanotrophs profit when occupying habitats in the vicinity of sources of soil CO2 through multiple dynamics. First, this could result from more stable habitat conditions due to aggregate formation and more stable aggregates in Silt since high-affinity methanotrophs are affected by physical disturbance [61] . Second, methanotrophs would benefit from "hidden" production of CH4 in anoxic cores of soil aggregates [6] . Such microsite methanogenesis may improve with both increased aggregate size and higher carbon availability within aggregates [62] . Third, a major fraction of soil respiration originates from the rhizosphere and belowground litter as microbial heterotrophic respiration, including methylotrophic microbes [63] . Increasing soil respiration would mean increasing heterotrophic respiration, methylotrophy, and, thus, methanotrophy.
The low methanotrophic activity measured at the Disturbed locations probably results from two effects. Since gravel has less surface area, the high gravel content (Figure 4d) at some of the locations would result in a smaller pore surface area in comparison to silt and sand locations. As methantrophs live preferably on soil-pore surfaces (i.e., aggregate edges) [64] , this means the is less The correlation between CH 4 consumption and CO 2 flux was stronger than the correlation between CH 4 consumption and soil gas diffusivity (Figures 4b and 5a) . Therefore, in addition to the increased diffusivity and thus aeration that favours both CH 4 consumption and soil respiration (Figure 4a) , high-affinity methanotrophs may profit when occupying habitats in the vicinity of sources of soil CO 2. Warner et al. [28] , who studied the spatial and temporal variability in soil gas fluxes on the plot scale, also found a positive correlation between CH 4 consumption and CO 2 fluxes (personal communication). Dubey et al., (2000) [60] likewise found larger populations of methanotrophs and higher CH 4 oxidation activity in the rhizosphere than in bulk soil samples from dryland rice fields. Consequently, those findings in combination with our correlations suggest that sampling locations at our site with more roots (and thus relatively more rhizosphere) have both higher soil respiration and higher CH 4 consumption despite differences in plant physiology and physico-chemical soil properties. Additionally the parallel CH 4 -CO 2 flux relationships from different topographical categories with the different dominant soil textures (Figure 5a ) reflect a range of habitat qualities for methanotrophic microbes.
To further focus on the effect of soil texture and possible methanotroph habitats, the dataset was classified into the following soil texture classes: Sand, Silt, and Disturbed (a special class containing dead woody debris or gravel content > 50%). Methanotrophic activity µ (Equqtion (1)) [21] was positively correlated with soil CO 2 flux in all classes (Figure 4d ) with the highest activity in Silt followed by Sand and lastly Disturbed locations. Additionally, µ increased the most with soil CO 2 flux in Silt. This last result agrees with the positive correlation between CH 4 consumption and soil respiration. It also further supports the idea that high-affinity methanotrophs profit when occupying habitats in the vicinity of sources of soil CO 2 through multiple dynamics. First, this could result from more stable habitat conditions due to aggregate formation and more stable aggregates in Silt since high-affinity methanotrophs are affected by physical disturbance [61] . Second, methanotrophs would benefit from "hidden" production of CH 4 in anoxic cores of soil aggregates [6] . Such microsite methanogenesis may improve with both increased aggregate size and higher carbon availability within aggregates [62] . Third, a major fraction of soil respiration originates from the rhizosphere and belowground litter as microbial heterotrophic respiration, including methylotrophic microbes [63] . Increasing soil respiration would mean increasing heterotrophic respiration, methylotrophy, and, thus, methanotrophy.
The low methanotrophic activity measured at the Disturbed locations probably results from two effects. Since gravel has less surface area, the high gravel content (Figure 4d) at some of the locations would result in a smaller pore surface area in comparison to silt and sand locations. As methantrophs live preferably on soil-pore surfaces (i.e., aggregate edges) [64] , this means the is less suitable pore surface available at locations with high gravel content. A lab analysis revealed that dead woody debris was a weak source of CH 4 (not shown), which is known from other studies [28] . At Disturbed locations with dead woody debris (DWD) near the surface we expect therefor that the methane consumption in the mineral soil was partly offset by methane emissions of the DWD, and that the real methanotrophic activity is therefor higher than that what we observed.
In summary, our results suggest that silty soil with its larger pore surface area and greater aggregate size and stability represents a better habitat for methanotrophs. Furthermore, improved methanotrophic activity and consequently CH 4 consumption were correlated with increasing soil respiration, suggesting mutualistic interactions between cohabitating heterotrophs and methylotrophs. This supports the idea of the rhizosphere as preferred habitat for methanotrophs. If so, these results provide evidence that greater quantities microbial hotspots as associated with rhizospheres and aggregate surfaces have a noticeable effect on plot-scale variability of greenhouse gas fluxes, specifically for CH 4 . We strongly suggest further studies on this topic include molecular quantification of the functional genes (pmoA and mmoX) specific for methanotrophs, to better investigate the preferred habitats of high-affinity methantrophs.
Conclusions
Proper standardization is necessary to disentangle temporal and spatial variability of soil gas fluxes as CO 2 and CH 4 fluxes experience substantially different diurnal variation which would mask relationships between the fluxes. We conclude that CH 4 consumption at our site was substantially different between vegetation units and soil textures. Within similar vegetation units or soil textural classes, the spatial variability of CH 4 consumption depended not only on gas diffusivity, but also on soil respiration that reflects the soil biological activity. We attribute the observed differences between the texture classes to different qualities of habitat for methanotrophic microbes with more habitable surface in Silt than in Sand. As most soil respiration originates from the rhizosphere and belowground litter, our observations indicate that the rhizosphere and belowground litter, facilitates directly or indirectly a preferred living space for methantrophs.
